A theoretical description of the sunbird | drinking bird without any external liquid | is compared with experiment. Our sunbird has a black painted body which is illuminated by a light bulb. The transient times and the oscillation periods given by a simulation of the dynamics agree with the measured ones.
Introduction
In the well-known drinking bird, water or other external liquid evaporates on the head, establishing a thermal gradient between the bird's head and the body. In Ref. [1] , hereafter referred to as I, we studied the dynamics of that system.
The drinking bird is a thermal engine since it produces work from a thermal di erence.
Instead of using the evaporation of an external liquid as cooling mechanism, a similar thermal gradient may also be induced by heating the body, if the head is kept at room temperature. In fact, monitoring this system is somehow simpler since illumination is easier to control than the evaporation of an external liquid.
When the black painted body of a drinking bird is illuminated either by a light bulb or by the sun | hence the name \sunbird" [2] | it heats up. Then, the vapor pressure of the internal liquid (usually methylene chloride) increases in the body, forcing the liquid to rise up in the tube. The bird undergoes a cycle similar to that of the drinking bird:
the same type of motion may therefore be produced without any external liquid. Figure   1 shows a scheme and a photo of our sunbird, whose data are given in Tab. 2 of I.
In Sec. 2 we present a model for the sunbird's period and relate it to the sunbird and light bulb characteristics, and the distance to the light source. In Sec. 3, we describe 1 guemezj@unican.es 2 valientr@unican.es 3 tcarlos@teor. s.uc.pt 4 tmanuel@teor. s.uc.pt a set of experiments we performed with a sunbird to verify the model, which are very di erent from the experiments described in I for the drinking bird. In Sec. 4 we apply the dynamical equations of I. The conclusions are in Sec. 5.
Sunbird period
For a bird illuminated by a light bulb with current I and voltage V, the power absorbed by its illuminated surface is a fraction of the power, IV, provided by the source so we may write:
where " is a factor which takes into account the absorption properties of the body (" 1 for a dull black surface), A is the projected area of the bird's body, and f (d) is a function of the separation d which is peculiar to the lamp [its explicit form is given below, in eqs.
(7) and (8)]. Finally, < 1 is a phenomenological parameter describing power losses: it indicates the fraction of electrical power supplied to the light bulb which is converted into thermal radiation.
While the body is illuminated, the temperature of the internal liquid increases and, according to the Clausius-Clapeyron equation, the vapor pressure also increases. Thus, the pressure in the body exceeds that in the head and the liquid rises in the tube. The result is an oscillation like that described in I (and references therein) for the drinking bird. When eventually the internal liquid reaches a certain height, the bird tips completely forward:
we call this a dip, as in the case of the drinking bird, although there is no external liquid.
During the dip the liquid which had entered in the head drains back to the body so that the bird goes back to its upright position. A steady periodic motion is then established.
The temperature variation is related to the corresponding variation in z (height of the internal liquid top level with respect to the surface level in the body) by an equation similar to Eq. (5) of I, namely
where I is the density of the internal liquid and B a constant characteristic of the bird (B = (2:07 0:01) 10 3 Pa K 1 is the value corresponding to our drinking bird, which is the same as in I; see I for details).
According to our observations, the bird takes typically a few minutes to dip for the rst time, and then starts the periodic motion with a period which is about ve times smaller.
We denote the initial time by 0 and the period by . At the beginning of each cycle the upper level of the liquid is close to the head, meaning that the body temperature does not fall down to room temperature after the dip, but remains higher. When the lamp is switched on, the height z rises to Fig. 2 (a), which shows the results of a simulation whose details will be presented in Sec. 4. Let us denote by T 0 the temperature di erence between the room temperature, T R , and the lowest temperature in the cycle ( T 0 corresponds to z 0 ) and by T the temperature variation in a cycle ( T corresponds to z). When the bird starts to be heated, the temperature rises T 0 + T 0 and, when the system is in the steady regime, the body temperature oscillates between T R + T 0 and T R + T 0 + T , as shown in Fig. 2 (b).
During a time interval dt, the temperature inside the body increases by
where C is an e ective heat capacity given by
Here c I and c g are the speci c heats of the internal liquid and glass respectively, while
g and m t are, respectively, the masses of the internal liquid, body glass, and tube. Equations (2) and (3) also holds for a nite time interval. Combining eqs. (2) and (3) the time elapsed until the rst dip occurs (see Fig. 2 ) is
After the st dip the bird starts a periodic motion, whose period is a fraction of 0 , i.e.
where < 1, since the internal liquid has only to rise z < z max . This parameter , which may be determined phenomenologically for a given bird and lamp, does not depend on the distance d.
Equations (5) and (6) now replace Eq. (6) of I. They have some similaties which it is worth to point out. In both cases the period is proportional to some heat capacity an the temperature variation in one cycle [to see explicitly this dependence in the sunbird one should insert Eq. (2) We placed the bird at di erent distances from the light bulb (Fig. 3) . We used two (1) is given by
and
where r is the emitting surface radius of the conical lamp and its characteristic angle (Fig. 1 ). For our lamp r = 5:5 cm and = 15 .
With the bird initially at room temperature, we switched on the lamp and measured 0 . Since the periods of the initial oscillatory motion varied slightly, we had to keep the sunbird working for some time until the periods stabilized. To start a new set of measurements at a new distance, we had to wait about one hour before the temperature of the body returned to room temperature.
In 
Simulation
In this section, we apply to the sunbird, with the necessary modi cations, the dynamical model for the drinking bird which we have introduced in I.
Illumination of the sunbird during dt leads to a temperature increment dT given by Table 1 where we present the slopes of the linear ts to the data of the linear ts to the simulation points, = m f . The larger discrepancies found for the conical lamp are probably due to some inaccuracy in f C as given by Eq. (8). Table 1 : Slopes of the linear ts to the periods versus f for the data points and for the simulation points (see Fig. 4) We have discussed the sunbird, which involves, besides liquid-vapor equilibrium, the inverse square law dependence of thermal radiation propagation. We have studied the e ect of illumination at di erent distances, measuring and simulating the time for the rst dip and the subsequent times between consecutive dips. In contrast to the drinking bird, the temperature of the body increases above room temperature. And, also in contrast with the drinking bird, there is a noticeable transient time before the steady regime establishes.
We have seen, for both a spherical and a conical lamp, that only a fraction of the electrical power supplied to the lamp is converted into thermal radiation. Although this fraction is di erent for each lamp, we observed that the fraction of internal liquid that had to be re-heated after the rst dip is similar for both of them.
The body heating mechanism works well for birds of various sizes. This fact is interesting since one may control the dynamics of a big sunbird for classroom demonstrations or science centers exhibitions (in contrast to the usual drinking bird, which depends on the humidity and whose height is limited by the natural cooling mechanism). We have constructed such a big sunbird (Fig. 6 ) for demonstrations to large audiences. 
